Mature U3 snoRNA in yeast is generated from the 3¢-extended precursors by endonucleolytic cleavage followed by exonucleolytic trimming. These precursors terminate in poly(U) tracts and are normally stabilised by binding of the yeast La homologue, Lhp1p. We report that normal 3¢ processing of U3 requires the nuclear Lsm proteins. On depletion of any of the ®ve essential proteins, Lsm2±5p or Lsm8p, the normal 3¢-extended precursors to the U3 snoRNA were lost. Truncated fragments of both mature and pre-U3 accumulated in the Lsm-depleted strains, consistent with substantial RNA degradation. Pre-U3 species were co-precipitated with TAP-tagged Lsm3p, but the association with spliced pre-U3 was lost in strains lacking Lhp1p. The association of Lhp1p with pre-U3 was also reduced on depletion of Lsm3p or Lsm5p, indicating that binding of Lhp1p and the Lsm proteins is interdependent. In contrast, a tagged Sm-protein detectably co-precipitated spliced pre-U3 species only in strains lacking Lhp1p. We propose that the Lsm2±8p complex functions as a chaperone in conjunction with Lhp1p to stabilise pre-U3 RNA species during 3¢ processing. The Sm complex may function as a back-up to stabilise 3¢ ends that are not protected by Lhp1p.
INTRODUCTION
The 3¢ maturation of several small RNAs shares common steps and common processing factors in the yeast Saccharomyces cerevisiae. Normal 3¢ processing of the U1, U2, U4 and U5 small nuclear RNAs (snRNAs) and U3 small nucleolar RNA (snoRNA) involves cleavage by the endonuclease Rnt1p, the yeast homologue of Escherichia coli RNase III (1±5). The mature 3¢ ends of these RNAs are generated by 3¢®5¢ exonucleases, including the exosome complex and the Rex1±3p proteins (3,5±7) . The exosome also participates in the 3¢ maturation of the 5.8S rRNA and many snoRNAs (3, 8) and in the degradation of cytoplasmic and nuclear RNAs, including mRNAs, pre-mRNAs, pre-snRNAs and presnoRNAs (3,9±14) . This raises the obvious question of how the precursors to the stable RNA species avoid degradation by the RNA processing machinery?
In the case of the U3 snoRNA and the snRNAs, precursors generated by Rnt1p cleavage are stabilised against continued degradation at least in part by binding of Lhp1p (Lahomologous protein), the yeast homologue of the human La phosphoprotein (5, 15) . Lhp1p/La binds poly(U) tracts located at the 3¢ ends of newly synthesised RNA polymerase III transcripts, including precursors to tRNAs, 5S rRNA, SRP RNA and the U6 snRNA (16±19). Binding of Lhp1p protects newly transcribed U6 RNA against degradation (20) and stimulates the cleavage of tRNA 3¢ ends while suppressing maturation by exonucleases (21) . In contrast, the poly(U) tracts in the pre-U3 snoRNA and pre-snRNAs are located between the Rnt1p cleavage site and mature 3¢ end of the RNAs.
Mature U1, U2, U4 and U5 snRNPs contain seven core Sm proteins (22) , which form a closed ring structure (23) . In contrast, the U6 snRNP associates with seven related proteins, Lsm2±8p (like-Sm) (20,24±29) , which also assemble in a heptameric ring (30±32). The Lsm2±8p complex is important for U6 snRNA stability and biogenesis of the U6 snRNP, and is therefore involved in pre-mRNA splicing. The related Lsm1±7p complex functions in mRNA decapping and 5¢®3¢ degradation via association with cytoplasmic mRNA decay factors (33±36).
During the initial analysis of the lsm mutant strains, it was observed that the levels of several small RNAs were affected, in addition to U6 snRNA (27) . The nuclear Lsm2±8p complex was subsequently reported to be involved in the processing and degradation of tRNAs and rRNAs (37, 38) . In Xenopus, Lsm2±4p and Lsm6±8p bind to the U8 snoRNA (39) , while over-expression of yeast Lsm5p suppressed a defect in accumulation of the box H/ACA snoRNAs (40) , suggesting that an Lsm2±8p complex also participates in snoRNP biogenesis. Tagged Lsm3p was shown to transiently bind tRNA precursors, presumably as part of an Lsm2±8p complex, and stimulate their association with Lhp1p. Association of Lhp1p with other RNA substrates, pre-RNase P RNA and the SRP RNA (scR1), was also affected in the absence of Lsm proteins (37) . As processing of U3 snoRNA involves binding of Lhp1p to a poly(U) tract in the 3¢-extended precursors, we tested U3 processing in the lsm mutants. Here we show that Lsm proteins bind U3 precursors, affect their association with Lhp1p and are involved in U3 synthesis and degradation, consistent with roles as chaperones for RNA±protein assembly.
MATERIALS AND METHODS

Strains and plasmids
The transformation procedure was as described (41) . Yeast strains used are listed in Table 1 . Strain YCA56 was generated by PCR-based gene disruption of LHP1 in the BMA64 strain using plasmid pTL54 as PCR template (42) . Disruption was con®rmed by PCR analysis. Strain YJK55 was constructed by a PCR strategy as described (43) in the YCA56 strain; construction was con®rmed by PCR analysis, and the expression of Lsm3-TAP was tested by western blotting. Strains YRB15 and YRB20 were kindly provided by Re Âmy Bordonne Â (CNRS, Montpellier, France). Plasmid pBS1360 carrying a C-terminal fusion between SmE1p and two IgG-binding domains of Staphylococcus aureus protein A (ProtA) was kindly provided by Bertrand Se Âraphin (CNRS, Gif sur Yvette, France).
RNA extraction, northern hybridisation and primer extension
For depletion of the essential Lsm proteins, cells were harvested at intervals following the shift from RSG medium (2% galactose, 2% sucrose, 2% raf®nose) or YPGal medium containing 2% galactose to YPD medium containing 2% glucose. Otherwise strains were grown in YPD medium. The lsm-D strains were pre-grown at 23°C and transferred to 37°C. RNA extraction and northern hybridisation were as described (44, 45) .
For RNA hybridisation, the following oligonucleotides were used: 031 (MRP), 5¢-AATAGAGGTACCAGGTCAA-GAAGC; 200 (U3), 5¢-UUAUGGGACUUGUU; 203 (U3 boxA), 5¢-CUAUAGAAAUGAUCCU; 230 (U3sub6), 5¢-GATTCCTATAGAAACACAG; 250 (scR1), 5¢-ATCCCGG-CCGCCTCCATCAC; 251 (3¢Ex-U3), 5¢-GTGGTTAACT-TGTCA; 254 (3¢U3), 5¢-CCAACTTGTCAGACTGCCATT; 261 (U6), 5¢-AAAACGAAATAAATTCTTTGTAAAAC; 264 (5¢U3), 5¢-TCCTATGAAGTACGTCGAC; and 421 (RPL30), 5¢-GGTTGATAGATTCTTGGGAT.
Expression of the U3 cDNA
The U3A sub6-CBS1 cDNA (46, 47) was expressed from an ARS-CEN-ADE2 plasmid under the control of the natural promoter and terminator regions in the GAL::lsm8 and GAL::sme1 strains. U3 synthesised from the cDNA construct was detected by hybridisation with a probe speci®c for the U3sub6 mutation (oligo 230).
Immunoprecipitation
Whole-cell extracts from strains GAL::HA-lsm3, Lhp1p-ProtA, Lhp1p-ProtA/GAL::HA-lsm3 and Lhp1p-ProtA/GAL:: HA-lsm5 grown either in RSG medium or following the transfer to YPD medium for 4, 8.5 or 24 h were prepared as described (48) . Extract from cells lhp1-D, SmE1-ProtA, SmE1-ProtA/lhp1-D and their respective isogenic wild-type strains grown in YPD medium were prepared in the same way. Immunoprecipitation of ProtA-tagged strains was performed with rabbit IgG±agarose beads (Sigma) as described (49) . Immunoprecipitation using monoclonal A66 antibody against Nop1p (50) was performed in the same way except that antibodies were ®rst bound to protein A±Sepharose 
RESULTS
The major 3¢-extended U3 precursors are lost in lsm mutants Yeast U3 snoRNA is synthesised from 3¢-extended precursors, with major intermediates (U3-3¢I and U3-3¢II) that are stabilised by binding of the Lhp1p protein to 3¢-terminal poly(U) tracts (5) . In an lhp1-D strain, the normal U3 precursors are absent and are replaced by pre-U3 species that are shorter and more heterogeneous, but still terminate at poly(U) (5), indicating that other poly(U)-binding proteins also participate in pre-U3 processing. Moreover, the level of mature U3 was not affected in strains lacking Lhp1p, again implying the participation of additional cofactors. Since the Lsm2±8p complex is known to bind to poly(U) tracts, pre-U3 processing was analysed in strains in which expression of the essential Lsm proteins, Lsm2±5p and Lsm8p, was under GAL control (strains GAL::lsm2, GAL::lsm3, GAL::lsm4, GAL::lsm5 and GAL::lsm8). The genes encoding nonessential Lsm proteins, Lsm1p, Lsm6p and Lsm7p, were deleted, giving rise to temperature-sensitive (ts) strains (strains lsm1-D, lsm6-D and lsm7-D) (27) . The GAL-regulated proteins were depleted by transferring the strains from permissive RSG medium (0 h samples) to repressive glucose medium. The strains deleted for Lsm proteins were grown in glucose medium at 23°C (0 h samples) and transferred to the non-permissive temperature of 37°C for up to 10 h, by which time growth had ceased. On depletion of any essential Lsm protein (Fig. 1A , lanes 3±17 and C, lanes 1±4), the two major 3¢-extended species, U3-3¢I and U3-3¢II, were largely lost (Fig. 1A, III) , whereas the level of mature U3 was not affected (Fig. 1A, IV) . The level of these precursors was clearly reduced at 10 h of depletion and signi®cantly lowered at 24 h. In contrast, the absence of Lsm1p, Lsm6p or Lsm7p had no effect on the levels of U3-3¢I, U3-3¢II or mature U3 snoRNA (Fig. 1B , III, lanes 3±11). Processing of U3 was also assessed in lsm2 ts and lsm5 ts strains (35, 51, 52) , which are partially ts for growth and cytoplasmic mRNA degradation, but no clear differences were observed (data not shown).
Yeast U3 is unusual in containing an intron, and depletion of Lsm2±8p, but not Lsm1p, caused some accumulation of the intron-containing pre-U3 species, the 3¢-processed species U3int and the 3¢-extended species U3int-3¢ (Fig. 1A, I and II, and B, I and II) (27) . A low level of U3int-3¢ is also visible in the wild-type and lsm1-D strains at 37°C but not at 23°C (Fig. 1B, I ), probably re¯ecting differences in the relative order of 3¢ processing versus splicing at elevated temperatures. Precursors to several tRNAs are similarly elevated at 37°C (37) . Notably, the unspliced pre-U3 species were strongly detected even after 24 h of depletion, clearly showing that pre-U3 synthesis was still ongoing at this time.
To determine whether the defects in U3 processing are a consequence of impaired pre-mRNA splicing, we analysed a GAL-sme1 strain (Fig. 1A , lanes 20±22) (53) , and the ts-lethal prp2-1 strain (data not shown) (54) . Growth inhibition was comparable in the GAL-lsm3 and GAL-sme1 strains following transfer to glucose medium, with a clear growth defect observed after 8.5 h of depletion (Fig. 1D) . Following SmE1p depletion, the level of the spliced U3-3¢I and U3-3¢II species was signi®cantly decreased, whereas intron-containing U3 precursors (U3int and U3int-3¢) accumulated (Fig. 1A, I±III , lanes 20±22 and data not shown). The level of mature U3 snoRNA was not clearly reduced by depletion of SmE1p. This was also seen for depletion of the Lsm proteins and may arise because even a strongly reduced U3 synthesis rate is able to maintain snoRNA levels at the low growth rate seen in these strains.
To con®rm that the depletion of U3-3¢I and II RNAs in the lsm mutants does not result from the inhibition of pre-U3 splicing, a tagged U3 cDNA (U3c) was expressed in the GALlsm8 and GAL-sme1 strains under the control of the U3 promoter on a low copy number plasmid (see Materials and Methods). Synthesis of U3c (Fig. 1C , II) in both strains was similar to the genomic U3 (U3g) (Fig. 1C, III) . U3c was processed via U3-3¢I and U3-3¢II precursors, and these were lost on depletion of Lsm8p with similar kinetics to the U3g precursors. In contrast, while U3g precursors were reduced following depletion of Sme1p (Fig. 1C, I and III, lanes 9±12), the U3c precursors remained unchanged (Fig. 1C, I and II, lanes 9±12).
We conclude that the essential Lsm2±5p and 8p proteins are involved in the pre-U3 processing pathway, and their presence is required for accumulation of the major 3¢-extended precursors.
Lsm3p binds to U3 precursors
To test whether the nuclear Lsm complex interacts directly with U3 precursors, immunoprecipitation was performed using C-terminal TAP-tagged Lsm3p (37, 43) and haemagglutinin (HA)-tagged Lsm1p (27) (Fig. 2) . As previously reported (25, 27, 28, 30) , Lsm3-TAP but not HA-Lsm1p coprecipitated U6 (Fig. 2F ). In contrast, there was no clear precipitation of the RNA component of RNase MRP (Fig. 2G) , P RNA or mature tRNAs (data not shown), which were recovered at the background level seen for the isogenic nontagged control. Both Lsm3p and Lsm1p precipitated shortened deadenylated RPL30 mRNA (Fig. 2E ), in agreement with the preferential binding of Lsm1±7p complex to deadenylated mRNAs (35, 36) .
The U3-3¢ extended precursors (U3int-3¢, U3int, U3-3¢I and U3-3¢II) that were affected by depletion of Lsm3p were also detectably co-precipitated with Lsm3-TAP (Fig. 2A±C , lane 4), but not with HA-Lsm1p (Fig. 2A±C, lane 7) . Recovery of the intron-containing U3int-3¢ and U3int species may be due to their association with the splicing machinery, since they were also co-precipitated with an SmE1-ProtA C-terminal fusion (see Fig. 3H, lane 2) . However, the spliced U3-3¢I and U3-3¢II RNAs were not recovered in the SmE1-ProtA precipitate (Fig. 3I, lane 2) . Mature U3 was weakly coprecipitated with both Lsm3-TAP and HA-Lsm1p (Fig. 2D) . Strains carrying GAL-regulated constructs (GAL::lsm, lanes 3±17; and GAL::sme1, lanes 20±22) and the BMA64 and YRB15 wild-type strains (WT, lanes 1 and 2, and 18 and 19) were grown in permissive RSG medium (0 h) and transferred to repressive, glucose medium at 30°C for the times indicated. Probe names are in parentheses and RNA species are shown on the right. U3int-3¢ is intron containing and 3¢ unprocessed. U3int is intron containing and 3¢ mature. U3-3¢I and U3-3¢II are spliced and 3¢ unprocessed. (B) Analysis of non-essential Lsm proteins. Strains deleted for Lsm1p (lanes 9±11), Lsm6p (lanes 3±5) and Lsm7p (lanes 6±8) and the wild-type strain (WT, lanes 1 and 2) were pre-grown at 23°C (0 h) and transferred to 37°C for the times indicated. RNA was separated on a 6% polyacrylamide gel and hybridised with oligonucleotide probes. (C) Analysis of processing of intron-less U3 snoRNA. RNA was extracted from a GAL::lsm8 strain (lanes 1±4) and GAL::lsm8 (lanes 5±8) and GAL::sme1 (lanes 9±12) strains expressing a tagged U3 cDNA, and transferred to glucose medium for the times indicated. Probe names are in parentheses. Oligo 251 is speci®c for 3¢-extended forms of both genomic U3 (U3g) and cDNA (U3c). Oligo 230 is speci®c for The basis of this association is not known, but it might represent a low level of U3 that fails to dissociate from preribosomal particles prior to their exit from the nucleus to the cytoplasm.
We conclude that Lsm3p associates with 3¢-extended U3 precursors, presumably as a component of an Lsm complex. The ef®ciency of precipitation of U3 precursors with Lsm3-TAP was lower than that of U6, but comparable with that of pre-tRNAs or pre-rRNAs (37) and signi®cantly higher than that of RPL30 mRNA [ Fig. 2E and Tharun et al. (35) ]. This probably re¯ects the transient nature of these associations in vivo.
Lsm3p does not associate with spliced U3 precursors in the absence of Lhp1p
In strains lacking Lhp1p, U3-3¢I and U3-3¢II are lost and replaced by shorter, more heterogeneous species (labelled U3-3¢ T in Fig. 3B ; compare lane 1 with lanes 2 and 3). We tested whether these RNAs bind the Lsm complex by performing immunoprecipitation with Lsm3-TAP expressed in the lhp1-D strain (Fig. 3A±E) . A non-tagged lhp1-D strain was used as a control. As in the wild-type, Lsm3-TAP strongly co-precipitated U6 and moderately precipitated mature U3, but did not precipitate MRP RNA from the lhp1-D strain (Fig. 3C±E) . The intron-containing U3int-3¢ precursor was clearly co-precipitated with Lsm3-TAP (Fig. 3A) , whereas the truncated U3-3¢ T species were not detectably co-precipitated with Lsm3-TAP from the lhp1-D strain (Fig. 3A and B) . These U3 precursors remain stable in cell extracts and are not processed to mature U3 during immunoprecipitation, as they were ef®ciently recovered from the supernatants (data not shown). These observations con®rm the speci®city of pre-U3 co-precipitation with Lsm3-TAP in the otherwise wild-type strain.
We conclude that U3 precursors generated in the absence of Lhp1p are not stabilised by binding of the Lsm complex to the terminal poly(U) tract. Moreover, binding of 3¢-extended Figure 2 . Total RNA from the wild-type strain (BMA64) in lane 1 was used as a control. U3-3¢ T is spliced and 3¢ extended, but shorter than the wildtype U3-3¢I species (see legend to Fig. 1 for other species) . (F and G) Immunoprecipitation of RNAs with antibodies against Nop1p. Lysate from lhp1-D and isogenic wild-type (BMA64) strains was immunoprecipitated with monoclonal A66 antibody against Nop1p bound to protein A± Sepharose (Pharmacia). RNA was recovered from the lysate (T) and the immunoprecipitate (P) and analysed by northern hybridisation. (H±K) Immunoprecipitation of RNAs from the lhp1-D strain expressing SmE1-ProtA. Lysates from SmE-ProtA, SmE-ProtA/lhp1-D strains and the isogenic wild-type strain (BMA64) were immunoprecipitated as described in Figure  2 . Probe names are in parentheses and RNA species are shown on the right. Lysates from the Lsm3-TAP strain and the isogenic wild-type strain (YJV140) were immunoprecipitated with rabbit IgG±agarose beads (Sigma). Lysates from HA-Lsm1 and isogenic wild-type (BMA64) strains were immunoprecipitated with rat monoclonal anti-HA antibody bound to protein G±agarose. RNA was recovered from the lysate (T) and the immunoprecipitate (P) and analysed by northern hybridisation (A±G). Probe names are indicated in parentheses. RNA species are shown on the right. Approximately 30-fold more cell equivalents of RNA were loaded for the pellet fractions compared with the total fraction. Probe names are in parentheses and RNA species are shown on the right. pre-U3 by the Lsm proteins apparently requires the presence of Lhp1p.
Mature U3, but not pre-U3, associates with the core snoRNP proteins, Nop1p, Nop56p and Nop58p (5,55±57). These were proposed to displace Lhp1p from the 3¢-¯anking sequence of U3 during 3¢ processing (5). Immunoprecipitation was performed using antibodies against Nop1p (50) with wildtype and lhp1-D cell extracts to assess whether Nop1p binds to the truncated U3-3¢ T precursors in the absence of Lhp1p (Fig. 3F and G) . In the wild-type and lhp1-D cells, Nop1p associated strongly with mature U3 (Fig. 3G, lanes 3 and 6) but not with U3 precursors (Fig. 3F, lanes 3 and 6) .
The seven-member Sm protein complex has a high af®nity for uridine-rich RNA and binds to a U 9 oligonucleotide in vitro with only 3-fold lower af®nity than the consensus Sm-site (58) . To test the association of Sm proteins with pre-U3, an SmE1-ProtA C-terminal fusion was expressed from a low copy CEN plasmid pBS1360 (28) in the wild-type and lhp1-D strains (Fig. 3H±K) . SmE1-ProtA ef®ciently co-precipitated the U1 snRNA from both strains and also precipitated the intron-containing U3int-3¢ precursor, probably due to its association with the spliceosome, whereas mature U3 was not recovered (Fig. 3H, J and K, lanes 2 and 6) . The spliced U3-3¢I and U3-3¢II precursors were not co-precipitated with SmE1-ProtA from the wild-type strain (Fig. 3I, lane 2) , but the U3-3¢ T species was co-precipitated with SmE1-ProtA from the lhp1-D strain (Fig. 3I, lane 5) . The ef®ciency of coprecipitation of spliced pre-U3 with SmE1-ProtA in the lhp1-D strain and with Lsm3-TAP in the LHP1 strain is similar (6-fold more cell equivalents were loaded in the precipitate lane relative to the total in Fig. 3 and 30-fold more in Fig. 2) .
We conclude that the pre-U3-3¢ T species present in lhp1-D cells are not detectably associated with an Lsm complex or the snoRNP protein Nop1p, but do associate with Sm proteins. The association of the Sm ring with a poly(U) sequence is more labile during incubation in vitro than with a consensus Sm-binding site (58) , and the complex may well have undergone some dissociation during immunoprecipitation.
Binding of Lhp1p to U3 precursors is reduced by depletion of Lsm3p or Lsm5p
Lhp1p is required for the association of Lsm3p (and presumably an Lsm complex) with U3-3¢I and II. To assess whether the association of Lhp1p with pre-U3 also requires an Lsm complex, we expressed an Lhp1-ProtA C-terminal fusion (37) in GAL::lsm3 and GAL::lsm5 strains. Very similar results were obtained for each strain, and data are shown only for Lsm3p depletion in Figure 4 . Lhp1p-ProtA immunoprecipitation was performed with extracts from strains grown in permissive RSG medium (0 h samples) and following transfer to glucose medium for 4, 8.5 and 24 h to deplete Lsm3p or Lsm5p. Approximately 4-fold more cell equivalents were loaded for the pellet fraction in Figure 4 . Data from the northern analyses in Figure 4A were quanti®ed using a PhosphorImager and are presented graphically in Figure 4B .
Lhp1p-ProtA ef®ciently co-precipitated U3-3¢I, U3-3¢II and U3int-3¢ from the LSM3 + strain (Fig. 4, lane 6) and from the Lhp1p-ProtA/GAL::lsm3 strain in permissive medium (Fig. 4 , Immunoprecipitation ef®ciency was calculated from the ratio between S + P and P. Values after depletion are expressed relative to the value before depletion, which was arbitrarily set at 1. lane 9). The co-precipitation of U3-3¢I, U3-3¢II and U3int-3¢ was markedly reduced after depletion of Lsm3p or Lsm5p for only 4 h (2-and 3.8-fold, respectively; Fig. 4A, lane 12) , before the appearance of a growth defect (Fig. 1D) and also prior to any clear defects in pre-U3 processing. Immunoprecipitation of U3-3¢I, U3¢3-II and U3int-3¢ was further reduced following depletion for 8.5 h (8.4-and 16.2-fold, respectively, Fig. 4A, lane 15) . After 24 h of depletion, U3-3¢I and II were not detectable, whereas the introncontaining U3int-3¢ persists, indicating that pre-U3 is transcribed, but very poorly recovered in the Lhp1p-ProtA precipitate (~50-to 60-fold reduction, Fig. 4A, lane 18) . The af®nity of Lhp1p for newly synthesised U6 snRNA was not affected by Lsm protein depletion [data not shown; (37)].
We conclude that binding or stable association between Lhp1p and 3¢-extended pre-U3 is facilitated by the Lsm proteins.
Lsm proteins function in U3 and pre-U3 degradation
Truncated forms of several stable RNAs, including tRNAs and rRNAs, accumulate in lsm mutants and are assumed to represent degradation intermediates (37, 38) . Faster migrating U3 species were seen in Lsm-depleted strains at later time points (Fig. 1A) . The appearance of truncated U3 and pre-U3 species was assessed in strains carrying GAL::lsm2±5 or 8 and lsm1-, 6-or 7-D ( Fig. 5 ; data shown for GAL::lsm2, GAL::lsm3, lsm6-D and lsm1-D).
Hybridisation with a probe against the U3A intron showed that intron-containing U3 precursors initially accumulate in lsm mutants and are subsequently degraded with substantial accumulation of intermediates (Fig. 5A) . Such degradation intermediates are not observed when splicing is inhibited by the prp2-1 mutation or by depleting SmE1p (data not shown), indicating that they are not due to a general splicing defect. The 5¢-truncated U3* RNA clearly accumulated in strains depleted of Lsm2p±Lsm8p, whereas little accumulation was seen on depletion of the predominantly cytoplasmic Lsm1p (Fig. 5B and data not shown) . This species was also accumulated in strains with defects in the exosome (5) . Comparison of hybridisation with probes speci®c for the 5¢ region (Fig. 5B, lane 9 ) and 3¢ region of mature U3 (Fig. 5B , lane 10) showed that both 3¢-and 5¢-truncated U3 species were accumulated.
We propose that an Lsm2±8p complex participates in degradation of mature and precursor U3 molecules. Both 3¢-truncated and 5¢-truncated RNAs were accumulated, suggesting that Lsm2±8p participates in both 5¢®3¢ and 3¢®5¢ degradation. Intermediates in the degradation of stable RNA species are not normally observed, and our interpretation of these data is that Lsm2±8p complexes enhance the processivity of the exonucleases during RNA degradation. However, an alternative explanation is also possible: that Lsm complex, by stabilising pre-U3 molecules, enhances the speci®c assembly of U3 RNPs, preventing fast degradation of unincorporated RNAs.
DISCUSSION
Lsm complexes have been proposed to act as chaperones that modify the structure of RNP complexes (27, 35) . This function would be consistent with the many and diverse consequences of the depletion of Lsm proteins. Here we report that the Lsm2±8p proteins act in the processing and degradation of U3 snoRNA, showing transient or weak interactions with U3 precursors that would be consistent with roles as chaperones.
In the absence of the essential proteins Lsm2±5p and 8p, the major 3¢-extended precursors U3-3¢I and U3-3¢II were lost, suggesting that the Lsm2±8p complex plays an important role in their processing or stability. In contrast, lack of the nonessential Lsm6p and Lsm7p had no dramatic effects. It may be that non-essential proteins can be replaced by other Lsm proteins or even by related Sm proteins in complexes that retain partial activity. Alternatively, active hexameric complexes may form in the absence of a non-essential protein.
While we cannot exclude the possibility that the effects of depletion of the Lsm proteins are secondary effects due to defective pre-mRNA splicing or mRNA degradation, we feel that this is unlikely. Other pre-mRNA splicing defects cause accumulation of intron-containing pre-U3 but have no effect on the processing of an intron-less U3 expressed from a cDNA construct. Mutations in the components of the cytoplasmic mRNA degradation pathway, including the decapping enzyme Dcp1p, the exosome and 5¢®3¢ exonuclease Xrn1p, do not result in similar U3 processing defects [(5); and data not shown]. Even at late times of Lsm depletion, U3 transcription remains robust, as judged by the strong accumulation of the normally unstable, intron-containing pre-U3 species. This appears to exclude the possibility that the loss of the 3¢-extended pre-U3 species is due to the absence of pre-U3 transcription. Hybridisation with oligos 254 and 264 is shown as separate panels (lanes 9± 10) for the sample from the GAL::lsm2 strain at 24 h after depletion on glucose medium. For location of the probes against mature U3, see Figure 1E .
In wild-type strains, the 3¢-extended pre-U3 species terminate at poly(U) tracts that normally bind the Lhp1p protein. However, the poly(U) tracts form the 3¢ end of the transcript only when the exonucleases, which process the pre-U3 from a downstream Rnt1p cleavage site, are arrested at this position (5) . This indicates that some factor(s) can bind these regions as internal poly(U) tracts. Lhp1p is not reported to bind internal poly(U) tracts in vitro, and its binding at these sites in vivo may be facilitated by the Lsm2±8p complex. The mode of association of the Lsm proteins with RNA is not known, but the related Sm complex binds to internal Sm sites that include poly(U), assembling the intact ring structure from pre-assembled subcomplexes (58, 59) . Consistent with this model, depletion of Lsm3p or Lsm5p strongly reduced the association of Lhp1p with pre-U3-3¢I and U3-3¢II as well as the intron-containing precursors. The association of pre-U3 with Lhp1p was reduced after only 4 h of depletion of Lsm3p or Lsm5p, when the level of the U3-3¢I and U3-3¢II precursors was little affected and it is most unlikely that transcription was strongly impaired. Depletion of Lsm proteins also reduced the association of Lhp1p with several other RNA precursors (5, 15, 21, 37) .
In strains lacking Lhp1p, the residual U3-3¢ T species are shorter and more heterogeneous than U3-3¢I and II but still terminate within the poly(U) tract. Since the Lsm2±8p complex binds to poly(U) (30,31), we speculated that it might replace Lhp1p and stabilise the U3-3¢ T precursors in the lhp1-D cells. However, these species were not co-precipitated with tagged Lsm3p from an extract lacking Lhp1p. This suggests that mutual binding of Lsm2±8p and Lhp1p is required.
The seven-member Sm core also has substantial af®nity for a poly(U) sequence in vitro (58) . In vertebrates, speci®city of snRNP and snoRNP assembly is likely to be greatly enhanced by association of Sm and Lsm proteins with the multimeric SMN complex, which acts as an assembly chaperone (60±65). How such speci®city is achieved in S.cerevisiae, which lacks SMN complex components, is currently unclear. The yeast Sm complex is able to bind and stabilise RNA species with 3¢-terminal poly(U) tracts in vivo, since the yeast U1, U4 and U5 S snRNAs lack terminal stems beyond the Sm-binding sites (66±69). ProtA-tagged SmE1p failed to co-precipitate U3-3¢I or U3-3¢II from an otherwise wild-type strain, but was able to co-precipitate U3-3¢ T from the strain lacking Lhp1p. This indicates that the Sm complex binds to the 3¢ poly(U) tracts only in the absence of Lhp1p. The ef®ciency of coprecipitation of U3-3¢ T with SmE1-ProtA was low. However, in vitro binding of the Sm heptamer to a poly(U) tract showed only limited thermodynamic stability, with dissociation in 10 min, in contrast to the stable binding seen with a consensus Sm-binding site (58) . This suggests that substantial dissociation of the bound Sm complex from a terminal poly(U) tract may occur during the extended incubation required for immunoprecipitation. It is unclear why the Sm proteins apparently fail to bind pre-U3 in the presence of Lhp1p or in the absence of the Lsm complex, and it seems likely that additional factors are involved in these interactions. It is notable that the level of the mature U3 snoRNA was little affected by the absence of any of the Lsm proteins or Lhp1p (5) . Similarly, the levels of mature tRNAs or the U1, U4 and U5 snRNAs were not changed in cells lacking Lhp1p or the Lsm2±8p proteins (3, 21, 37 ). It appears that 3¢-processing pathways in yeast have substantial redundancy, and we predict that still other pathways and factors remain to be identi®ed.
Processing of U3 shares common steps with processing of spliceosomal snRNAs and some snoRNAs. It would be interesting to establish whether the role of the Lsm complex is speci®c for U3 or more general in maturation of other stable RNPs. However, analysis of their processing is more problematic than for U3. Synthesis of snRNAs is affected in splicing mutants [(70±72); and our unpublished observations] and it is not trivial to discriminate between the effects of Lsm proteins due to splicing against processing. On the other hand, 3¢-extended precursors of snoRNAs are not readily detectable in wild-type cells and their fate in lsm mutants or their association with Lsm complex is dif®cult to assess. At least some snoRNAs of boxC+D and boxH+ACA classes contain poly(U) tracts 3¢ of their mature ends, and they may associate with Lhp1p and require both Lhp1p and Lsm proteins for processing; however, their 3¢ end formation pathway is not well characterised at present.
